Aims. We use 5 years of Fermi-LAT data towards the Galactic centre giant molecular cloud complex, Sagittarius B, to test questions of how well-mixed the Galactic component of cosmic rays are and the level of the cosmic-ray sea in different parts of the Galaxy. Methods. We use dust-opacity maps from the Planck satellite to obtain independent methods for background subtraction, and an estimate for the mass of the region. We then present high-quality spectrum of γ-ray emission from 0.3 to 30 GeV, and obtain an estimate of the cosmic-ray spectrum from the region. Results. We obtain an estimate of the mass of the region of 1.5 ± 0.2 × 10 7 M using the Planck data, which agrees well with molecular-line derived estimates for the same region. We find the the γ-ray flux from this region is well-fit with a cosmic-ray spectrum the same as that observed locally, with evidence of a small over-density at intermediate (1-10 GeV) energies. Conclusions. We conclude that the γ-ray and cosmic-ray spectrum in the region can be well-fit using a local cosmic-ray spectrum.
Introduction
Cosmic ray (CR) acceleration and propagation theory suggests that up to energies of ∼ 10 15 eV, Galactic CRs should be well mixed throughout the Galaxy. It is these CRs that constitute the well-known CR-sea, which should describe the average density of CRs throughout the Galactic disk (Strong et al. 2007 ) and can be treated as the level of the sea of Galactic CRs. However, significant questions of just how well-mixed and isotropic the CRsea is, remain unanswered. In particular, it is not clear just how strong the effect of, for example, (unknown) local CR sources (Montmerle 1979; Yang et al. 2014) or CR mixing on intermediate (up to ∼a few kpc) scales, effects both the normalisation and spectral behaviour of the CR-sea. As is discussed below, nearby ( 1 kpc) molecular clouds make good targets to test the level of the CR-sea (Yang et al. (2014) and references therein), however, variations either on intermediate size-scales (e.g. a few kpc) or elsewhere in the Galaxy cannot be ruled out.
One of the most attractive methods of probing the structure of the CR-sea is through the analysis of passive CR targets, such as giant molecular clouds (GMCs; e.g., Aharonian 1991 Aharonian , 2001 Casanova et al. 2010; Pedaletti et al. 2013 ). However, this method requires the accurate spectroscopic measurements to obtain reliable estimates to the distance d and mass, M 5 (here M 5 is the mass of the GMC in units of 10 5 M ) of the pertinent GMC, and the ratio of these parameters, M 5 /d 2 necessarily limits its accuracy. Additionally, the competition of different γ-ray radiation mechanisms, such as pion-decay, non-thermal bremsstrahlung and inverse-Compton (IC) losses, should also be taken into account in any account of the accuracy of the above-described method. Nevertheless, previous studies (Neronov et al. 2012; Ackermann et al. 2012a; Ackermann et al. 2012b; Yang et al. 2014 ) using this method have been performed on the nearby GMCs in the Gould Belt, which confirm that the level of the CR sea within 1 kpc to be nearly identical to the local measurement. However, the 1/d 2 relation of the γ-ray luminosity has limited our ability to obtain valuable information about the CR-sea in regions farther afield than these clouds.
In order to compensate for the decreased γ-ray luminosity, clouds of increased mass will also serve as ideal candidates to probe the level of the CR-sea in other regions of the Galaxy. The Sagittarius B (Sgr B) complex, which is one of the most active and massive molecular cloud complexes in the Galaxy (viz. ∼ 10 7 M ; Tsuboi et al. 1999) represents an ideal target to improve our knowledge of the CR-sea. The fact that this cloud is located about ∼ 100 pc from the Galactic centre (GC) adds further importance to observing this region. Indeed, although the distance to the GC is large, the ratio M 5 /d 2 is still about 10 5 -although a little smaller than the better candidates in Gould Belt, the smaller angular size of this source results in even higher signal to noise ratio. On the other hand, because of the GC's high gas and dust content (∼ 10% of the total gas content of the Galaxy in ∼ 1% of the volume over the inner ∼ 400 pc; Crocker et al. 2011) , high areal supernova (SNR) rate (viz. ∼ 0.4/century; Crocker et al. 2011 ) and the high total magnetic field strength of ∼ 130 µG (Crocker et al. 2010) it is a complex and difficult region about which to draw strong conclusions. Additionally, it is believed to be a potential source of Galactic CRs (Ginzburg & Ptuskin 1976; Ptuskin & Khazan 1981) , so one should exercise a modicum of caution when analysing observational results from this region. The determination of the CR density near GC would be of great importance in understanding the particle acceleration and origins of Galactic CRs. This motivated us to analyse the Fermi-LAT data for the GC region. With the γ-ray data from 300 MeV to 30 GeV and a new parametrisation for γ-ray production due to neutral pion decay in proton-proton collision (Kafexhiu et al. 2014) we derive the CR spectrum. The derived CR spectrum is consistent in shape with the direct measurements of local CRs by the PAMELA (Adriani et al. 2011) at the top of the Earth's atmosphere. We have structured the paper as follows: in Section 2, we present the results of our analysis of the Fermi-LAT observations and discuss the observational uncertainties of our procedure; Section 3 we discuss γ-ray flux from the region, as well as our derivation of the mass from the dust opacity maps, and derivation of the CR spectra and fluxes, assuming that γ-rays are produced in interactions of CR protons and nuclei (hereafter simply CRs) with the ambient gas and finally discuss the implications of the results. We present our conclusions in Section 4.
Results

Fermi-LAT Data Analysis
We selected observations for which the Fermi-LAT detector was pointed towards the Sgr B complex (MET 239557417 -MET 408156395), which contains data over a period of approximately 5 years. For this analysis, we have used the standard LAT analysis software package v9r32p5
1 . Given the crowded nature of the region and to avoid systematic errors due to poor angular resolution and uncertainties in the effective detection area at low energies, we selected only events with energy exceeding 300 MeV. The region-of-interest (ROI) was selected to be a 15
• × 15
• square centred on the position of GC. In order to reduce the effect of the Earth albedo background, we excluded from the analysis the time intervals when the Earth was in the field-of-view (specifically when the centre of the field-of-view was more than 52
• from zenith), as well as the time intervals when parts of the ROI had been observed at zenith angles > 100
• . The spectral analysis was performed based on the P7rep_v15 version of post-launch instrument response functions (IRFs). Both the front and back converted photons are selected.
Background Subtraction
Since the γ-rays produced in molecular clouds are already included in the galactic diffuse model provided by the Fermi collaboration 2 , it cannot be used to evaluate the background. The Galactic diffuse emission modelled by the GALPROP software includes the contributions from the inverse Compton (IC) scattering off soft high-energy electrons, as well as neutral pion decay and non-thermal bremsstrahlung that take place in Hi and Hii regions. However, the contribution of non-thermal bremsstrahlung emission in passive clouds is expected to be relevant only below 100 MeV (e.g., Gabici et al. 2007) , when the electron to proton ratio is e/p >0.1. Considering the typical estimated ratio of e/p ∼ 0.01 as determined in observations of cosmic ray abundances at Earth (e.g., Hillas 2005) , bremsstrahlung contribution to the γ-ray emission can be safely neglected when modelling passive clouds. Thus we calculate background emission contributions only for IC using GALPROP 3 (Vladimirov et al. 2011 ), which uses information regarding CR electrons and interstellar radiation field (ISRF). Isotropic templates related to the CR contamination and extragalactic γ-ray background are also included in our analysis. To derive the neutral pion decay γ-ray emission we used templates generated from dust opacity maps derived by the Planck collaboration (Planck Collaboration et al. 2011 ), where we assumed that γ-rays trace the spatial distribution of the molecular gas. It should be noted that the Planck maps have an angular resolution < 0.1
• is better than, or similar to, the resolution of Fermi-LAT at all energies, so these maps may be used as templates in the Fermi-LAT analysis. For the purposes of our analysis we chose -as in Crocker et al. (2007) -to define the Sgr B region as 0.4
We then regard the other regions of the dust opacity maps as being background. Figure 1 shows the resulting Fermi-LAT count maps obtained from γ-rays with energies above 6 GeV (Left) alongside the Planck dust opacity map (Right), which has been smoothed using the same Gaussian kernel of 0.2
• that the Fermi-LAT data possess.
Point Source Subtraction, Likelihood Analysis and Associated Errors
We have used the 2FGL catalogue (Abdo et al. 2012 ) to search for point-sources that fall within our region of interest, and these have been included in our analysis. However, the point sources marked with "c" in the catalogue are assumed to be related to the imperfect modelling of the diffuse model. Because we used a different diffuse model, we did not include these point sources in the analysis and consider them to be spurious. To perform the likelihood analysis, we defined inner circle centred at the ROI centre with a radius of 7
• . The normalisation of the point sources inside the inner circle and all the diffuse templates were left as free parameters in the likelihood analysis. The parameters of the point sources outside the inner circle were fixed to their catalogue values.
To obtain the spectral energy distribution (SED) of Sgr B complex, we divided the energy range 300 MeV − 30 GeV into 11 logarithmically spaced bands and applied gtlike to each of these bands. The results of this analysis are shown in Figure 2 . This Figure shows that all the data points have a test statistic (TS) values larger than 4, which corresponds to a significance of greater than 2σ. Apart from the systematic errors of the effective area of the Fermi-LAT, which was already taken into account before the derivation of the SED, the main source of systematic errors in the γ-ray spectrum comes from the uncertainty of the chosen diffuse background templates and the nearby sources, especially the central γ-ray source, possibly associated with Sgr A* (Chernyakova et al. 2011) . We have used several algorithms in the likelihood fitting to investigate these (systematic) errors. Firstly, to investigate the systematic errors due to diffuse background, we ran a global likelihood fit over the entire energy range to obtain the normalisation of IC and isotropic templates. We then systematically fix or leave as a free parameter each of these in the likelihood fits in each energy bin, so as to observe their variation in the derived SED. In specific regard to the central source, we attempted to fit its spectral parameters by both fixing to the catalogue value, or leaving them as a free parameter in the fit. We found in the low energy bins, the systematic errors can be as large as 50%, but above 2 GeV, the systematic errors are compatible with the statistical errors derived in the likelihood fitting. The error region taking into account both systematic and statistical errors are represented by the grey band in Figure 2 . We delay the discussion of the error that the mass estimate of the complex introduces until Section 3.2, given that the mass does not have a bearing on the obtained γ-ray flux.
In addition to the resulting spectrum derived from the Fermi-LAT data from 0.1 GeV to 30 GeV, including the above-discussed (Aharonian et al. 2006) , and the dot-dashed line is the power-law obtained using the photon index and normalisation obtained from the original H.E.S.S. paper reporting its discovery. The dotted line represents the predicted γ-ray spectrum obtained by assuming that the CR density in the Sgr B region is the same as the local CR spectrum measured by PAMELA. errors, Figure 2 shows the data points for the diffuse TeV γ-rays observed by the H.E.S.S. telescope (Aharonian et al. 2006) . Also shown in this Figure is the spectrum of the predicted γ-rays obtained by assuming the CR flux in this region is identical to local CR flux. As we discuss below, it is notable that the two spectra are very similar, whilst the TeV γ-ray emission does not seem to comport with that at the lower energies explored here.
Article number, page 3 of 6 A&A proofs: manuscript no. ms Figure 2 shows that the flux of MeV-GeV γ-rays from the Sgr B complex is similar to the predicted γ-ray spectrum obtained by assuming that the CR density in the Sgr B region is the same as the local CR density. This predicted spectrum was obtained by assuming that the CR flux of the Sgr B complex is identical to that observed by PAMELA, and using the enhancement factor 1.85 as suggested by Mori (2009) to account for the contribution from heavy nuclei. As Figure 2 shows, at low energy (below 1 GeV) and high energy (above 10 GeV), the measured γ-ray flux is compatible with that predicted by local solar-modulated CR spectrum (i.e., the PAMELA observations), whilst at intermediate energy ranges (e.g., 1-10 GeV) there is an excess in the measured flux, compared to that seen locally. Also plotted in Figure 2 are the H.E.S.S data points (Aharonian et al. 2006) , which reveal a much harder spectrum and higher absolute flux compared with the Fermi-LAT data, implying a different origin for the VHE γ-ray emission.
Discussion
The γ-ray Flux from the Sgr B Complex
The Gas Content of the Sgr B Region
A major assumption in this work is that the majority of the γ-ray emission is produced by neutral pion decay brought about by the interaction of the CR protons with the ambient molecular material of the Sgr B complex. Thus a major component in the error of the CR proton flux of the Sgr B region (see below) is its mass. Here we derive a mass estimate based on the Planck dust opacity maps and compare it to mass estimates for the region contained in the literature.
The CS(1-0) survey of the GC using the Nobeyama 45 m telescope by Tsuboi et al. (1999) determined the mass of the Sgr B complex (over a similar area to that used here) to be 0.6 − 1.5 × 10 7 M . There is in this estimate, some uncertainty with respect to the total gas mass of the region, since the CS(1-0) traces quite dense (viz. 10 4 cm −3 ) gas, and whilst CO(1-0) emission, which traces lower-density gas cannot assist due to optical depth issues, as well as freezing-out onto dust grains (Walsh et al. 2011) -indeed, even the robust ammonia molecule may suffer from self-absorption towards the cores of Sgr B2 (Ott et al. 2014) . However, other independent estimates of the total mass, as well as the major constituents of the complex allow us to constrain the possible range of values as much as possible. Indeed, an upper limit on the mass of the Sgr B complex is the mass estimate of the central molecular zone (CMZ), the structure of which the Sgr B complex is a subset. Dahmen et al. (1998) determine this mass, using a range of difference tracers, to be 3 +2 −1 × 10 7 M . The Herschel satellite also determined a mass with the 100-pc ring that it discovered of 3 × 10 7 M (Molinari et al. 2011) . Together, these (larger structure) estimates places a firm upper limit of ∼ 3 × 10 7 M above which the Sgr B complex cannot exceed. On the other hand, the mass of the individual component, Sgr B2, is > 6 × 10 6 M (Jones et al. 2008) , and a crude estimate for the Sgr B1 cloud is ∼ 4.5 × 10 4 M (Mehringer et al. 1992 ). However, Tanaka et al. (2009) found evidence of at least 5 × 10 5 ± 30% M of material in a shocked region within Sgr B1. Thus a combined Sgr B1 and B2 mass of ∼ 10 7 M -and implying an uncertainty of a factor of about ∼ 2 -seems more than reasonable.
Sgr B Mass from the Planck Dust Opacity Maps
To derive the CR (proton) flux from γ-rays, one requires an accurate estimate of the mass, M, and distance, d
4 , to the γ-ray emission region. As an additional cross check for the mass estimates discussed above, we have also obtained an estimate of the Sgr B complex mass using the Planck dust opacity map shown in Figure 1 (Right). To do this, we used a formula relating the dust opacity and the column density using the dust as the reference emissivity according to Equation 4 of (Planck Collaboration et al. 2011) :
where τ M is the dust opacity as a function of the wavelength, λ, (τ D /N H ) dust is the reference dust emissivity measured in low-N H regions, W CO is the integrated brightness temperature of the CO emission, and X CO = N H 2 /W CO is the H 2 /CO conversion factor. Substituting the latter into Equation 1 above, one obtains:
In our analysis we use a dust emissivity at 353 GHz of (τ D /N H ) dust 353 GHz = 1.18 ± 0.17 × 10 −26 cm 2 , obtained from Table 3 of Planck Collaboration et al. (2011) . Thus, the total (dustderived) mass of a cloud is:
where m H 2 is the mass of the hydrogen atom, A cl and Ω s refer to the clouds' physical and angular area respectively, d kpc is the distance of the cloud in kpc, and τ d dΩ is the optical depth of the dust integrated over the angular extent of the cloud in units of arcminutes 2 . From this, we derive a dust mass for the entire Sgr B complex (as defined above) of 1.5 ± 0.2 × 10 7 M -consistent with the masses derived from various methods above. Given that the mass estimate derived above is derived from the dust opacity map, which is the dust emissivity integrated over the entire line of sight, then it is no surprise that our estimate buffets the upper end of the CS(1-0) mass estimate. On the other hand, Molinari et al. (2011) used low-dust-opacity regions within the 100-pc ring region to obtain an estimate of the total dust mass from this region alone (i.e., without contamination from dust in between us and the GC, as well as behind it). From a total mass, integrated along the line-of-sight, of ∼ 4 × 10 7 M , they estimated a total 100-pc-gasring mass of 3 × 10 7 M -about 75% of the total mass. From our calculation above, 75% of this is 1 × 10 7 M , which is very close to those values found by molecular line emission studies. This suggests, in line with the fact that the Sgr B complex contains Sgr B2, the most massive and active star forming region in the Galaxy (Jones et al. 2008) , that our mass estimate is dominated purely by the material located in the GC. However, even given the above, we still consider our estimate to be an upper limit, since this places a conservative upper limit on the CR proton flux in this region. CRs derived in Sgr B CRs derived in Orion B PAMELA Fig. 3 . The derived CR proton spectrum of Sgr B region as defined in the text. The shaded regions are derived by assuming the mass of the Sgr B region is either 1.5 × 10 7 M (aqua) or between 0.6 − 1.5 × 10 7 M ("old lace" white). The crosses display the CR spectrum derived assuming a local CR spectrum, as per the PAMELA observations, whilst the grey hatched region represents the CR proton spectrum derived for the Orion B region derived in Yang et al. (2014) .
CR Proton Spectrum from the Sgr B Complex
We have obtained an estimate of the proton spectrum in the Sgr B complex. This was done using the γ-ray observations, and the parametrisation of the neutral pion decay broad band γ-ray spectrum introduced by Kafexhiu et al. (2014) . Given the turnover in the γ-ray flux spectrum shown in Figure 2 , we have, in our procedure, assumed a proton spectrum to be in the form of a broken power-law:
where E p is the proton kinetic energy, E bk corresponds to the break energy and γ is the power-law index. Using a χ 2 fitting routine, we find best-fit parameters for the above spectrum of γ = 3.1 ± 0.3 and E bk = 4.5 ± 2.0 GeV with χ 2 /d.o. f = 2.5/8 = 0.3. Figure 3 shows the results of our fitting procedure. We show the results using a mass for the Sgr B complex of 1.5 × 10 7 M , with the shaded region representing the 1σ error of the fitting routine. The off-white region shows an additional part of the allowable flux-energy phase-space obtained by allowing the mass of the Sgr B region to vary within the errors of the mass estimates (conservatively, 0.6−1.5×10 7 M ; c.f. Section 3.2). The crosses show the spectrum resulting from fitting the PAMELA proton spectrum measurement at the top of the Earth's atmosphere, whilst the hatched region illustrates the CR proton spectrum derived by Yang et al. (2014) for the nearby (500 pc) Orion B GMC. We can see that the proton fluxes derived here vary from 1.2-4 times that of the local CR proton flux.
Considering the large uncertainties in both the measurement systematics and mass estimates, this flux is rather close to the local value. Additionally, the proton index of γ = −3.1 ± 0.3 is very steep, considering the large-scale distribution of TeV γ-rays possesses a very flat spectrum of γ = −2.29 ± 0.27 (Aharonian et al. 2006 ). The break energy of E bk = 4.5±2.0 GeV is consistent with those seen in other molecular clouds, and can be ascribed to propagation effects of lower-energy CR protons presumably because of being unable to penetrate the dense regions of GMCs (Yang et al. 2014 ).
Conclusions
We have presented new analysis of 5-years worth of Fermi-LAT data. Our analysis was motivated by fundamental unanswered questions about the level of the CR-sea in different parts of the Galaxy. Whilst nearby clouds have been closely studied, due to their high M 5 /d 2 parameter, clouds further away are tougher to obtain robust γ-ray data. The GMC complex of Sgr B represents our best chance of observing the CR-sea at a distant point in the Galaxy, due to its M 5 /d 2 value of 10 5 , despite it being located in the GC, at a distance of ∼ 8 kpc.
We have used the 350 GHz dust opacity maps from the Planck satellite to obtain an independent mass estimate for the Sgr B complex of 1.5 ± 0.2 × 10 7 M . This agrees well with independent (and varied) molecular-line estimates of the complex as a whole, as well molecular-line estimates from individual components within the Sgr B complex. However, we do note that, given that the dust opacity is a measure of the total dust emissivity along the line of sight, we still consider the derived mass estimate to be an upper limit.
While the observed γ-ray spectrum at high energies (above 10 GeV) is compatible with the gamma-ray spectrum calculated for the local cosmic ray spectrum measured e.g. by PAMELA at
